Experimental production of reduced pellets was performed using a small scale shaft furnace having inside diameter of 250 mm, and reduction zone height of 2.7 m. The furnace was designed to permit continuous production of reduced pellets at the rate of 1.5 t/day. E ffects of operational factors such as reduction temperature, gas composition and gas flow rate on the reduction behaviors or iron oxide pellets as well as the the properties of products were investigated and following results were obtained.
Synopsis
Experimental production of reduced pellets was performed using a small scale shaft furnace having inside diameter of 250 mm, and reduction zone height of 2.7 m. The furnace was designed to permit continuous production of reduced pellets at the rate of 1.5 t/day. E ffects of operational factors such as reduction temperature, gas composition and gas flow rate on the reduction behaviors or iron oxide pellets as well as the the properties of products were investigated and following results were obtained.
(1) Reduction rate of the pellets in the furnace increases according to the rise of reducing gas temperature and gas ratio.
(2) The utilization of reducing gas is in a range from 30 to 43 % and it becomes higher as reducing gas temperature increases.
(3) The degree of reduction of products decreases rapidly when R value of reducing gas is less than 15.
(4) The temperature in the furnace is lowered and progress of reduction is retarded as the ratio of H2 to CO in the reducing gas increases due to the endothermic reaction caused by H2 reduction of iron oxide. Application of a mathematical model of direct reduction shaft furnace to the experimental operation was also attempted.
I. Introduction
Since the production of reduced iron by large shaft furnaces needs a considerable amount of reducing gas, the application of large shaft furnaces was delayed behind other direct reduction systems. The largescale shaft furnace process was industrialized in the 1970's by the adoption of the hydrocarbon reforming techniques established with the development of petrochemical engineering, and at present this process is gaining widespread acceptance. 14) This shaft furnace process is noted as a high efficiency process based on the principle of countercurrent in which heat transfer and chemical reaction take place between ascending reducing gas and descending solid materials. The application of the shaft furnace process to the nuclear steelmaking process in the future has been also being studied in Japan. 5, 6) However, there are few research articles concerning the evaluation of raw materials to be used for shaft furnace as well as the reduction behaviors of the materials under various operating conditions based on experiments.
The authors conducted a series of experiments to produce reduced iron using a countercurrent moving bed arrangement with a 'little heat loss with 2.7 m in the height of reaction bed and 250 mm in the internal diameter for objectives of realizing the reduction behaviors of iron oxide in the shaft furnace operating with the mixture of carbon monoxide and hydrogen over the temperature range of 750 to 950 °C and evaluating various kinds of raw materials as the shaft furnace burdens. And application of a mathematical model to the experimental shaft furnace is attempted.
II. Constitution of the Model Plant of Shaft Furnace
The model plant of shaft furnace designed had a capacity of producing about 1.5 t of reduced iron per a day. The flow sheet of the model plant is shown in Fig. 1 .
The major components of the plant consisted of a shaft furnace to produce reduced iron and a gas reformer to produce reducing gas comprising mainly hydrogen and carbon monoxide.
The reformer furnace was a box type furnace with two vertical reformer tubes filled with nickel catalysts. Propane gas as the raw material, together with steam and carbon dioxide or exhaust gas from the shaft furnace, was fed into the gas reformer, and converted into carbon monoxide-hydrogen mixture at about 950 °C.
The reducing gas converted by the reformer was once cooled to adjust the moisture concentration about 1 % by removing excess moisture, then it was heated up by a radiant tube type electric gas heater to a fixed temperature and blown into the shaft furnace to reduce descending iron oxide materials.
The shaft furnace mantle was made of stainless steel which inside diameter is 250 mm, and the exterior portion was insulated with alumina fiber to a thickness of 200 mm. Distance of the shaft between the stockline and the bustle line is 2.7 m, five holes for thermocouples and for sampling of gases and burden materials were located, with the same intervals of 500 mm, vertically in the shaft.
Iron oxide raw materials were carried by a bucket elevator up to the top of the shaft furnace and charged into a hopper through a seal valve. The raw materials in the hopper were fed continuously into the furnace during operation. The penetration of the air into the furnace was prevented by the seal valve.
The reduced iron produced in the reduction zone of the shaft furnace was indirectly cooled by an external water cooling system in the cooling zone and discharged by the table feeder out of the furnace and stored in a product storage box sealed with nitrogen gas.
The top gas exhausted out of the top of the shaft furnace was separated from dust and cooled by a venturi scrubber. A part of the gas was burned and ISI1, Vol. 22, 1982 (89) released into the atmosphere as flare gas and the rest was pressurized by a compressor and fed into the reformer together with other gas components.
III. Methods of Experiments

Operation of the Model Plant of the Shaft Furnace
Each unit operation run of the model plant was continued for five days. At first, iron oxide pellets were filled in the shaft furnace and the hopper, and then the refractories of the gas heater and the reformer were heated up with circulating carbon dioxide gas through the system. When the circulating gas temperature reached at 700 °C at the tuyere of the shaft furnace, descending of the materials was started. Further, heating up was continued and when the gas temperature at, the tuyere reached the objective bustle gas temperature, production of reducing gas was started.
The reducing gas was produced by the following reactions in the reformer tubes.
C3H8+3H20 = 3C0+7H2 C3H8+3C02 = 6C0+4H2
In other words, during operation the ratio of steam and carbon dioxide added to propane gas and the recycling ratio of the top gas of the shaft furnace were adjusted so that the objective composition of reducing gas would be obtained.
After the objective gas composition was obtained, the amount of the reducing gas and the descending speed of the materials were adjusted to the aimed experimental condition. The descending speed of the materials was adjusted by the rotation speed of the table feeder installed at the bottom of the shaft furnace and assured by weighing periodically the discharged amount in a certain unit period.
Normal operation period for one experimental condition was approximately 20 h in which the materials were sampled from each vertical levels of the furnace, and various data were collected. Then the experimental condition was changed, and generally three experiments were conducted in an unit operation period. Table 2 shows the conditions of typical operations at reducing gas temperature of 750, 850, and 950 °C with the gas ratio (the amount of gas per ton product) varying in the range of 1 000 to 2 000 Nm3/t-prod. and the operation results and the properties of reduced irons produced.
Raw Materials
The composition of gas shown in the tables was of dry base and the gas composition at the tuyere was adjusted so that the sum of carbon monoxide and hydrogen would be 95 % and the ratio of hydrogen to carbon monoxide would be 1.3 to 1.6. In the wet base, approx. 1 % of steam was contained in the reducing gases at the tuyere as stated previously.
In case of the same reducing gas temperature, the top gas temperature rose with the increase in the gas ratio. On the other hand, when the reducing gas temperature was raised maintaining the same gas ratio, the top gas temperature did not rise but rather tended to become lower. The reason is that, with the rise in the reducing gas temperature, the reduc- (90) Transactions ISIJ, Vol. 22, 1982 tion reaction in the shaft furnace was promoted to increase production, and more heat was used for the reduction reaction and for the heat exchange with descending materials.
By the comparison of the gas composition at the tuyere with that at the furnace top, it is evident that the carbon monoxide consumption is larger than that of hydrogen in the furnace. This phenomenon indicates that the overall utilization of carbon monoxide is higher than that of hydrogen in the shaft furnace, and also coincides with the experiments by Hara et al.7~
The productivity of this shaft furnace was 9 to 13 t/ mad to attain a 95 % reduction degree and it becomes higher with the increase in the reducing gas temperature. Since it is said that the productivity of the ordinary commercial shaft furnaces operating with normal pressure reducing gas is 4 to 10 t/m3d,8'9) the Table  1 . Properties of raw materials and reduced irons. (91) productivity of this experimental shaft furnace is relatively high. Figure 2 shows the variation of temperature, gas composition and reduction degree in the experimental shaft furnace when the production rate of reduced iron was maintained 48 kg/h with the reducing gas temperature of 845 °C and with the gas ratio of 1 480 Nm3/t-prod. The temperature changed moderately from the tuyere to the height of approximately 2 m by about 200 °C, and then it sharply lowered within the range of 0.5 m at the furnace top. The reduction of iron oxides started from the top of the furnace and proceeded gradually, and then substantially in the range of 0.5 m above the tuyere level.
Progress of Reduction in the Shaft Furnace
These facts mean that in case of this operating condition the greater part of the packed bed in the shaft furnace acted as a heat exchanger between the solid and the gas, accompanied with the pre-reduction of the raw materials, and the principal stage of reduction was in a rather short range right above the tuyere. Figure 3 shows the variation of the physical properties of the materials in the furnace at the operating condition of 52 kg/h in the production, 845 °C in the reducing gas temperature, and 1 210 Nm3/t-prod. in the gas ratio.
With the progress of reduction, the porosity of the pellets gradually increased, but the pellet's crushing strength of 300 kg/p before charging rapidly decreased to 20 kg/p just within 0.5 m from the stock line and hardly varied thereafter.
In the pellets sampled from the uppermost sampling hole a considerable amount of cracks were obseved and the rapid decrease of the strength might be dependent on the formation of the cracks. Namely, the cracks might be produced by the variation of the crystal structure due to transformation from Fe2O3 to Fe3O4 in the initial stage of reduction at the furnace top, and the abrupt reduction of the strength might have occurred. Figure 3 shows the variation in the chemical composition of the pellets as well, indicating that the generation of metallic iron was considerably sluggish, i.e., the FeO content increased up to 30 /o after de- Research Article scending about 1.5 m from the top, and thereafter metallization proceeded gradually and was accelerated near to the tuyere.
Reduction Behaviors of Various Kinds of Rare Materials
Eight types of commercially produced pellets and one lump ore were used for test operations maintaining the reducing gas temperature and gas ratio approximately at 850 °C and at 1 500 Nm3/t-prod, respectively to investigate the effect of raw materials.
Operation results are shown in Table 1 and progresses of reduction in the shaft furnace for different raw materials are shown in Fig. 4 .
Reduction behaviors in the furnace as well as final reduction degree are fairly different among the raw materials to be used. It can generally be said that high grade oxide pellets have high reducibilities and those of lime added pellets and lump ore are bit inferior to those of the formers. While the lime added pellets maintain high strength during reduction and have a tendency to produce little fines in the products.
The inferiority of final stage reducibility of the lime added pellets well corresponds to the reduction test results'°"~ of many types of raw materials carried out by the authors in laboratory scale.
The lime added pellets ordinarily involve slag components including iron oxide. Iron oxides fixed in the slag phase are hard to be reduced at temperatures adopted for direct reduction shaft furnaces, so the addition of lime into the pellets tends to decrease the final reduction degree though it improves the characteristics on fines generation and clustering. The state of oxygen exchange between solids and gas in the shaft furnace is expressed by the operational diagram developed by Rist and Meysson12~ determining the relation between the degree of oxidation of solid (0/Fe) and that of gas ((C02+H2O)/ (CO +C02+H2+H2O)). Figure 5 compares operational lines at the reducing gas temperature of 850 °C using various reducing gas amounts in the experimental shaft furnace with an operational line of an actual shaft furnace which has an internal diameter of 5 m at almost the similar reducing gas temperature.
As the reducing gas composition of the experimental furnace and that of the actual furnace were nearly the same, the pinch point W, the equilibrium point of wustite to metallic iron reduction, could be obtained by combining the Fe-O-C and Fe-O-H equilibrium diagrams. The gradient of the operational line represents the gas ratio, and the smaller the gradient, the smaller the reducting gas amount. The closer the operational line to the point W, the closer the operation to the ideal condition.
In the figure M shows the point where the line WA and operational line intersect each other, the ratio of AM/AW expresses the shaft efficiency.
By the comparison of the operational line of this experimental shaft furnace with that of the actual shaft furnace of the same reduction degree of product, it is evident that the shat efficiency which was close to that of the actual shaft furnace was obtained except for in the case of an extremely high gas ratio.
Consideration of Heat Loss through the Furnace Wall
and Overall Heat Transfer Coefficient It is important to keep the heat loss through the experimental furnace wall below a certain level for 
obtaining data thermally comparable to that of the actual furnace because the wall surface area of a small shaft furnace per unit volume of material is large. Figure 6 shows a result of heat balance calculation in the experimental furnace under a representative operating condition at the reducing gas temperature of 850 °C and the gas ratio of 1 400 Nm3/t-prod. The heat loss through the wall is 2.3 % and this value is slightly higher than that of actual furnaces, but is deemed allowable for small experimental furnaces.
Further, to evaluate the heat loss through the furnace wall, the experiments for determining the overall heat transfer coefficient were carried out in a similar method to that of Shigaki et al.9~
The experimental shaft furnace was filled with iron oxide pellets, and discharging from the table feeder was stopped to retain the material in the furnace in the state of a static bed. N2 gas heated to a fixed temperature was blown into the furnace and, after the thermal condition in the furnace was stabilized, the internal temperature of the furnace was measured by the thermocouples attached at five points in the furnace and the exterior surface temperature of the insulating material was measured by a surface pyrometer. The overall heat transfer coefficient was determined by the following equation. at tuyere, top gas, and ambient air (K) The experiment was conducted four times for the gas temperature at the tuyere over the range of 750 to 950 °C and gas flows in the range of 80 to 110 Nm3/h, and the average U=1.12 kcal/m2h°C was obtained. The value of U of actual shaft furnaces is said to be approximately 1.0 kcal/m2h°C, to which the value of U of this experimental shaft furnace calculated on the experimental measurements well agreed.
According to the examination of the adequacy of this moving bed as an experimental model in the light of the operational diagram, heat loss through the wall, and overall heat transfer coefficient, the operation data obtained by this experimental furnace model was deemed comparable to those of actual furnaces from the view point of heat transfer as well as mass transfer.
VI. Effects of Some Operating Parameters on
Reduction of Iron Oxides by Shaft Furnace 1. Relationship between Gas Ratio and Degree of Reduction of Product In the reduction of iron oxides using shaft furnaces, the amount of gas required for reduction is an important parameter from the view point of process economy. The amount of gas required for producing the unit amount of reduced iron varies with the composition of reducing gas, reduction temperature and gas utilization. Figure 7 (a) shows the relationship between the gas ratio and the reduction degree of product. Below a certain reduction degree of product, the gas ratio is proportional to the reduction degree, however the increase of the gas ratio scarcely effects the progress of reduction over a certain reduction degree. Where the gas ratio is low, the proportional relationship exists because of insufficient amount of gas for the equilibrium limitation, and where the gas ratio is too high, the amount of reducing gas becomes in excess.
By the raise of the reducing gas temperature, the gas ratio res. reduction degree curve shifts to the left side which is favorable to process economy. This is because reaction speed is increased by the rise of the reducing gas temperature.
Although the retention time of materials in the furnace is theoretically related to the gas ratio res. reduction degree of reduction curve, the effects of the retention time were not so evident in those experiments in which the retention time was within the range of 3 to 4 h. However, the effect of the amount of gas was rather dominant.
In other words, in reduction by shaft furnaces, the time required for the reduction itself is relatively short as long as the heat level of the material bed is maintained at a certain level. Important is the problem of heat transfer and how to drive it to the temperature level which is appropriate to reduction reaction. Thus, it is evident that the reduction temperature or the amount of gas has large influence. Figure 7 (b) shows the relationship between the gas ratio and the gas utilization. The gas utilization is the ratio of hydrogen plus carbon monoxide used for the reduction of iron oxides in the shaft to the same gas at the tuyere.
As shown in Fig. 7 (b) , the higher gas utilization was obtained at the higher reduction temperature of more than 850 °C. Existence of the maximum of gas utilization is attributable to the insufficient use of the reducing gas blown in excess on the higher gas ratio side and the lowering of reduction speed of the iron oxide due to the deficiency of heat provided by reducing gas to keep adequate temperature level in the furnace on the lower gas ratio side.
Consequently, the optimum operating condition of the shaft furnace in which the gas ratio is lowest and the gas utilization is excellent maintaining the reduction degree of products 95 % can be determined as follows. In many respects, the high temperature reduction seems to be advantageous in the operation of shaft furnaces, if restrictions such as formation of clusters in the furnace are disregarded. Figure 10 shows the variation of the temperature distribution in the furnace and that of the distribution of reduction degree with the ratio of H2/CO when carbon dioxide content in the reducing gas is kept 5 % and the reducing gas temperature is 850 °C.
Effects of the Ratio H2/CO of Reducing Gas
In case of the laboratory experiments on the reduction of iron oxides in a static bed, etc., the completion time of reduction by hydrogen is shorter than that of reduction by carbon monoxide, because the reducing condition is generally maintained isothermal. However, the thermal effects of endothermic reaction by hydrogen reduction cannot be neglected in a shaft furnace as a moving bed maintaining the material bed temperature mainly by the sensible heat of the reducing gas. As shown in Fig. 10 , it became difficult to maintain the bed temperature at an adequate level with the increase in the ratio of H2/C0, resulting in a retarded reduction.
It can be said that the composition of reducing gas of actual shaft furnaces is determined by the gas reforming process adopted to the plants, and the ratios of H2/CO of reducing gas are in the range of 1.0 to 4.0 in accordance with the processes.
As to the relationship between the ratio of H2/CO of reducing gas and the reducing gas temperature, the reducing gas temperature or that amount should be increased to compensate for consumed heat by the endothermic reaction in the furnace, when the ratio of H2/CO is high. When the ratio of H2/CO is low, it is easy to maintain the temperature of the material bed, even if the reducing gas temperature is low to some extent, but in this case attention should be paid to the problem of carbon formation in the bed.
Effects of Oxidizing Gas Concentration in Reducing Gas
The high concentration of oxidizing gases (carbon dioxide and steam) in the reducing gas is unfavorable to the reduction of iron oxides but to increase the purity of reducing gas excessively is not advantageous in the economical view point of the total direct reduction system, including the production of reducing gases.
If the presence of a certain amount of oxidizing gases in bustle gas is permitted, it can offer many advantages in the gas reforming processes and the recycling of the top gas.
From a practical standpoint, the ratio of reducing gas to oxidizing gas in bustle gas is referred to as R value, ((CO+H2)/(C02+H20)). Figure 8 shows the effects of R value on the reduction degree of product in the operation at the reducmg gas temperature of 850 °C. R value of various shaft furnace processes10 12~ are also shown for reference.
It is evident from the figure that the degree of reduction of product does not vary with the increase in reducing gas concentration when R value is 15 or over, but the progress of reduction is abruptly retarded if the R value is below 15.
VII. Application of a Mathematical
Model to the Experimental Shaft Furnace
Formulation
For analyzing experimental data on the model 
plant, a mathematical model was formulated. Upon considering one-dimensional flow along the axis, the followings are assumed: 1) Operation is in a steady state.
2) Plug flow of the gas and the solid.
3) Neglecting radial distribution of the gas concentration and the reduction degree of the solid. 4) Uniform temperature within the solid particles. 5) Neglecting reactions of carbon deposition and methanation. 6) Heat of reaction released to the solid. 7) Three-interface model for representing the overall reaction rate of the pellet. On the basis of these assumptions, the governing equations are written as follows :
Mass balance on the solid particles :
Mass balance on the gas :
Heat balance on the solid particles : (1 _RF)2/3 kcF(1 + 1/KF) B = (1 -R)113-(l-RM)113 dp/2 1
As at high Reynolds numbers gas film resistance is negligible compared with intraparticle diffusion resistance or chemical reaction resistance, calculations were conducted assuming that F=O.
By applying effective diffusivities and activation energies of rate constants used in the reduction rate Eqs. (6) to (8) from Hara et a1.,17~ frequency factors of rate constants were so determined that calculated values might coincide with experimental data as well as possible. These parameters used for the model plant are given as follows :
Effective diffusivities :
Where DG means the binary diffusivity of H2 -H20 mixture or CO-CO2 mixture. As the rate constants for the reduction with carbon monoxide, a fifth of the rate constants for each reduction step with hydrogen were adopted.18, '9) Convective heat transfer coefficient hp used in Eqs. (3) and (4) was estimated from Shirai's equation,20~ and overall heat transfer coefficient through the wall was determined by above-mentioned experiment.
The Runge-Kutta-Gill method was applied to integrate Eqs. (1) to (4) numerically, and iterative calculation was carried out from the top to the bottom until the boundary condition was satisfied.
Calculated Results
Results of the simulations for the experimental data on the model plant are shown in Figs. 9 and 10. Figure 9 shows the simulation result for a typical operation data, and as shown in the figure the computed and measured values are in good agreement. Figure 10 shows the simulation results for three experiments with the different ratios of H2/C0, and the computed curves are fairly correspondent with the measured values of temperature and reduction degree on each experiment.
This implies that the mathematical model could provide a good means for representing the reduction behavior in shaft furnace.
VIII. Conclusion
The following results were obtained from the experiments of producing reduced iron using an experimental shaft furnace of 1.5 t/day, with an internal diameter 250 mm, and reducing zone length 2.7 m.
(1) Progress of reduction as well as the change of physical properties of materials inside the furnace were cleared by means of sampling from sampling holes installed in the axial direction of the shaft furnace.
(2) Reduction behaviors of various kinds of raw materials were investigated. High iron grade pellets showed good reducibility and those of lime added ones were a bit inferior to the formers. However, it was recognized that the lime added pellets showed superior characteristics on fines generation and product strength.
(3) The reduction degree of product corresponds to the gas ratio to a certain reduction degree of product but does not vary much after exceeding a certain reduction degree.
It is economically important to determine the adequate gas ratio by considering the reducing gas temperature and the intended reduction degree of product.
(4) The gas utilization in the shaft furnace is increased by raising the reducing gas temperature, resulting it possible to obtain higher reduction degree with less amount of reducing gas, (5) The increase in the ratio of H2/CO of reducing gas prolong the completion time of reduction of the materials in the furnace by lowering the temperature of the material bed due to the increase in endothermic reaction in the shaft furnace.
When the ratio of H2/CO of reducing gas is increased, either the reduction temperature or the gas amount needs to be increased.
(6) The progress of reduction tends to slow down when R value of reducing gas is below 15.
(7) A mathematical model of direct reduction shaft furnace was formulated by considering the mass and heat transfer and the rate parameters were revised by contrasting claculated results with data of the experimental operations. 
Nomenclature CG, Cp : specific heat of gas (kcal/kg-mol°C), specific heat of solid (kcal/kg°C) De, DG : effective diffusivity and molecular diffusivity (m2/h) do : initial content of reducible oxygen atom in the pellet (kg-atom/kg-pellet) dp, dR : diameter of a pellet and inner diameter of the shaft furnace (m) G, GQ : molar flow rate of gas (kg-mol/h), volumetric flow rate of gas (Nm3/h) (--4H°) : heat of reaction (kcal/kg-mol) hp : convective heat transfer coefficient between gas and solid particle (kcal/m2h°C) K: equilibrium constant (-) ke : reaction rate constant (m/h) k f : mass transfer coefficient through gaseous film (m/h) P: pressure of gas (atm) PS : production rate of reduced pellets (kg/h) R, RS : reduction degree and reduction degree of product (-), (%) RG : gas constant (atm m3/kg-mol K), (kcal/ kg-mol K) S: cross-sectional area of the shaft furnace (m2) T, TB, TG, To, TS : temperature, gas temperature at tuyere, gas temperature, atmospheric temperature, and solid temperature (K), (°C) U: overall heat transfer coefficient through the wall (kcal/m2h°C) V: reaction rate (kg-mol/h pellet) W: feed rate of pellet (kg/h) Y, Ye : molar fraction of gas and equilibrium molar fraction of gas (-) Z: distance from the top (m) s : voidage of the bed (-) 7): gas utilization (%) 
